Numerous studies indicate interspecies variation in the ontogeny of the adrenocortical response in birds; however, little is known about the extent of interindividual variation in avian young. Toward this end, we examined the ontogeny and interindividual variation in the adrenocortical response in zebra finch (Taeniopygia guttata) nestlings. We measured baseline and stress-induced total (bound and free) corticosterone, corticosteroid binding globulin capacity, and resulting estimated free corticosterone levels in nestlings of four different ages (days 5, 10, 16, and 21). In addition, we investigated the potential correlates of interindividual variation (brood size and mass). Nestlings at days 5 and 10 post-hatching showed no significant increase in total or free corticosterone levels in response to a standardized handling stress, whereas an adult-like stress response was seen by day 16 post-hatching. There was large interindividual (fivefold) variation in both baseline and stressinduced corticosterone among individual nestlings at any age. We estimate that half of this individual variation in the adrenocortical response could be explained by between-clutch variation (e.g., genetics), while the other half could be explained by other factors such as rearing environment (based on estimated intraclass correlation coefficients). Total baseline corticosterone, but not stress-induced corticosterone, was negatively correlated with fledging mass in this species.
Ontogeny and Individual Variation in the Adrenocortical Response of Zebra Finch (Taeniopygia guttata) Nestlings Introduction
Glucocorticoids and catecholamines are two of the main mediators of allostasis (i.e., organisms' constant alterations in physiology to predictable and unpredictable events) and are secreted according to the allostatic state of the individual (McEwen and Wingfield 2003) . Glucocorticoids, in particular, modify energy allocation to increase chances of survival, for example, to escape from environmental challenges. At the same time, prolonged, excessive levels of these hormones bear detrimental consequences, especially for developing animals, as they can divert resources away from growth (Morici et al. 1997; Glennemeier and Denver 2002) , alter cognition (Kitaysky et al. 2003 ; but see also Catalani et al. 2000) , and modify hypothalamic-pituitary-adrenal (HPA) axis reactivity (Catalani et al. 2000; Hayward and Wingfield 2004) . Thus, it has been hypothesized that HPA axis reactivity should be dampened during a rapid-growth phase in developing animals (Sapolsky and Meaney 1986; Walker et al. 2001 ). This stress-hyporesponsive period (SHRP) may be a result of any of the following: decreased hormone secretion at any level of the HPA axis, elevated plasma corticosteroid binding globulin (CBG) levels, decreased sensitivity at the target tissue, or enhanced sensitivity to increased negative feedback at the neural level.
Ontogeny of the adrenocortical response in birds appears to depend on functional maturity at hatching (precocial vs. altricial, i .e., lack of down/feathers and locomotor activity at hatching). Depending on where a species falls in the precocialaltricial spectrum, mobility and dependency on parents for food and brooding differ (Starck and Ricklefs 1998) . As a consequence, young birds vary in the ability to escape environmental or predatory challenges, and thus they vary in how much they can benefit from secreting glucocorticoids in response to such challenges. While more independent and mobile precocial young may benefit from elevating corticosterone (CORT) levels in response to a food shortage, nest-bound altricial young may suffer from deleterious effects of the hormone (the developmental hypothesis ; Schwabl 1999; Sims and Holberton 2000; Kitaysky et al. 2003; Blas et al. 2006; Wada et al. 2007 ). Thus, the hypothesis predicts that precocial species will develop an adult-like adrenocortical response earlier than nonprecocial species, and the latter group will establish this response when the young animals can benefit from glucocorticoid secretion, for example, when they become mobile and more independent.
Timing in the establishment of the HPA reactivity in various bird species follows the prediction based on the developmental hypothesis. For instance, precocial chickens and turkeys show an adrenocortical response to heat stress before hatching (Jacobs 1996) . However, heat and/or cold stress does not elicit a response again until 2 d post-hatch, indicating that the SHRP lasts for ∼48 h (Freeman and Flack 1980; Freeman 1982; Freeman and Manning 1984) . Among a couple of semialtricial species studied, nestlings show a gradual increase in the magnitude of the adrenocortical response during the nestling period (Love et al. 2003; Walker et al. 2005a) . In contrast to altricial birds, Magellanic penguin (Spheniscus magellanicus) hatchlings show an adult-like response to adrenocorticotropic hormone challenge (Walker et al. 2005a ) and 10-d-old kestrel nestlings (Falco sparverius; out of 28-d nestling period) can significantly elevate CORT levels in response to capture and handling (Sockman and Schwabl 2001; Love et al. 2003) . In altricial birds, there is a suggestion of an early hyporesponsive period post-hatching, but the data are inconclusive due to a lack of experiments on prehatching individuals (Wada et al. 2007 ). In Passeriformes, northern mockingbirds (Mimus polyglottos) do not respond to handling stress until they are near independence (Sims and Holberton 2000) , while white-crowned sparrows (Zonotrichia leucophrys nuttalli) show a robust response before fledging (Wada et al. 2007) . A similar pattern to the one observed in temperate white-crowned sparrows is observed in white storks (Ciconiiformes: Ciconia ciconia; Blas et al. 2005 Blas et al. , 2006 . Therefore the relative timing in the maturation of the HPA axis is not consistent among altricial species; however, all altricial species studied to date respond to stress later than precocial species, as predicted by the hypothesis. It is important to point out that we cannot dismiss the possibility that altricial species simply have a delayed maturation of the HPA axis without an adaptive function. It is possible that altricial and precocial young follow the same postfertilization development, with a difference in when hatching occurs, and the HPA axis maturity in altricial young corresponds to that of precocial embryos. In order to determine whether the dampened HPA reactivity in altricial birds is adaptive, true existence of the SHRP needs to be examined.
The above-mentioned studies suggest substantial interspecies variation in ontogeny of the adrenocortical response in birds; however, little is known about the extent of intraspecific or interindividual variation. In mammals, individual variation in adult HPA axis reactivity is attributed largely to postnatal environment (Caldji et al. 2001) . Early experiences such as handling and maternal separation can permanently alter sensitivity of the HPA axis. For nonmammalian taxa, far less is known about individual variation in endocrine systems. In adults, individual variation in HPA axis reactivity is shown to be repeatable within a breeding season (Cockrem and Silverin 2002) and heritable across generations (Satterlee and Johnson 1988; Tanck et al. 2001; Evans et al. 2006) . Recent studies also indicate that postnatal environment, such as exposure to human disturbance, can contribute to the variation in the HPA axis of avian young (Mullner et al. 2004; Walker et al. 2005b ). Yet, the existence of the individual variation in nonmammalian young is not well understood; therefore, it is not clear when this variation appears (but see Blas et al. 2007) .
In this study, we examined the ontogeny and individual variation in the adrenocortical response in altricial zebra finch (Taeniopygia guttata) nestlings. Specifically, we explored (1) the age-specific effects of standardized handling stress on total CORT, CBG capacity, and resulting estimated free CORT levels; (2) interindividual variation in these endocrine traits at any given age; and (3) correlates of interindividual variation such as brood size and mass. The results of this study can help elucidate novel mechanisms that may contribute to hyporeactivity during critical developmental periods and factors affecting individual variation in young.
Material and Methods

Study Species and Breeding Protocol
This experiment was conducted in December 2002, using a captive zebra finch colony at Simon Fraser University, Burnaby, British Columbia, Canada. Zebra finches are an altricial species: nestlings hatch with their eyes closed and with only a few downy feathers (Zann 1996) . Nestlings begin to open their eyes by day 6 or 7, and eyes are fully open by day 10. Thermoregulatory ability is mostly completed by day 4 or 5, pinfeathers break through the skin around day 6, and fledging takes place at approximately 18 d of age. However, young birds do not reach adult mass until 51 d of age.
All the birds in this experiment were maintained in controlled conditions: 19Њ-23ЊC temperature, 14L : 10D photoperiod, and 35%-55% humidity. Adults were provided with mixed seeds (1 : 3 Panicum and white millet, 11.7% protein, 0.6% lipid, and 84.3% carbohydrate by dry mass), water, grit, and cuttlefish bone ad lib. In addition, a multivitamin supplement was added to the drinking water once a week. Breeding pairs also received an egg food supplement (20.3% protein, 6.6% lipid) between pairing and clutch completion. The pairs were housed in separate cages with an external nest box (15 cm # 14.5 cm # 20 cm). Nest boxes were checked daily between 0900 and 1100 hours for new eggs and hatchlings, and laying and hatching orders were recorded. When nestlings hatched, they were banded on day 10. Brood size at the time of blood sampling varied between two and six chicks. The protocol used in this experiment was approved by the Canadian Committee on Animal Care (CCAC) and the University of Texas Institutional Animal Care and Use Committees (IACUC).
Measuring Adrenocortical Responses
To evaluate the HPA reactivity of zebra finch nestlings, we used capture and handling stress as a standardized stressor (Wingfield 1994) . This standardized procedure allows comparison of the HPA reactivity between ages and species. Nestlings were sampled at four ages: approximately day 5, 10, and 16 nestlings and approximately day 21 fledglings. A total of 22 nests ( , 6, 6, and 4 for 5-, 10-, 16-, and 21-d ages, respectively) n p 6 were sampled, and each nest was sampled for one age group Figure 1 . Optimization of enzyme immunoassay corticosterone (CORT) assay for zebra finch plasma. Plasma was stripped and spiked to create 500 pg mL Ϫ1 CORT, then it was diluted with a 500 pg mL
Ϫ1
CORT buffer for each concentration of the steroid displacement buffer (SDB). As plasma dilution factor increased, the value became closer to the added concentration of CORT, indicating the appropriate SDB concentrations for the given dilution factor with a negligible interference between plasma and the assay. Additional optimization with 1.5% SDB indicated that a dilution factor of 1 : 40 with 1.5% SDB eliminated any measurable effects of plasma in the assay. Values at 1.5% SDB (from the latter assay) were corrected for interassay variation on this plot. Gray box indicates the mean ‫ע‬SEM of the CORT buffer with which the samples were diluted.
only to avoid habituation to handling. To avoid collecting an excessive amount of blood from the young (5-d-old nestlings weigh an average of 5.4 g), we divided the nestlings from one nest into two groups: nonstress baseline and restraint-induced stress groups. All the nestlings from each nest were captured at the same time. Half of the nestlings were bled within 3 min of opening the nest box (baseline); the other half were bled after 30 min of restraint in an opaque cloth bag. For blood sampling, the alar vein was punctured with a 26-gauge needle, and the welling blood was collected with heparinized capillary tubes (approximately 30 mL). Samples were centrifuged for 5 min at 2,200 g within a few hours of collection; plasma was removed and stored at Ϫ20ЊC. Plasma samples were then shipped on dry ice to the University of Texas at Austin, where all the assays were performed.
Enzyme Immunoassay for CORT
We used enzyme immunoassay kits from Assign Designs (Ann Arbor, MI) to determine plasma CORT levels (see Wada et al. 2007 for details). We first optimized the assay for zebra finch plasma by testing various plasma dilutions (1 : 10, 1 : 20, 1 : 40, 1 : 60, and 1 : 90) and steroid displacement buffer (SDB; to inhibit CORT from binding to CBG or other proteins) concentrations (0%, 1%, 1.5%, and 2%). Over several assays, we determined the optimum to be 1 : 40 plasma dilutions with 1.5% SDB (Fig. 1) .
For this study, we ran samples in triplicate, with 1 : 40 plasma dilution and 1.5% SDB. Intra-and interassay variations were 7.4% and 15.6%, respectively. Detectability for the assay was 7.0 pg well Ϫ1 (2.8 ng mL
Ϫ1
). Detection limit was determined by taking 2 standard deviations from the mean of the blank wells. Detection limit of the plate was assigned to undetectable samples in the assay.
Radio-Ligand Binding Assay for CBG
Radio-ligand binding assays were used to measure the CBG levels in zebra finch nestling plasma. Zebra finch CBG was first characterized in plasma dilution and equilibrium binding assays using pooled plasma. Then CBG levels in individual samples were measured in the point sample assay. In all assays, plasma was stripped to remove endogenous CORT and then incubated with either CORT were assessed with a scintillation counter. The optimal dilution, 1 : 1,620, and 2-h incubation at 4ЊC were used in all assays. The intraassay variation was 3.8%.
In order to estimate free CORT levels, we used an equation by Barsano and Baumann (1989) :
where K a is (nM; K d is affinity of CORT for CBG [deter-1/K d mined in the equilibrium binding assay]), B max is total CBG capacity, and H total is total plasma hormone concentration.
Data Analysis
All statistical analyses were performed using SPSS 12.0. The effects of handling and age on total and free CORT and CBG levels were determined using one-way repeated-measures ANOVA followed by Tukey HSD, with age as a main factor. Pairwise comparisons were done using Bonferroni corrections. Between-and within-clutch variability in total CORT was examined using intraclass correlation analysis with a two-way random effect model (r p [between-groups variance Ϫ withingroups variance]/[between-groups variance ϩ within-groups variance]). To explore factors influencing individual variation in hormone levels, baseline and stress-induced levels were analyzed separately. Using hierarchical linear regression analyses, three correlates of interindividual variation were regressed against baseline and stress-induced total and free CORT levels: brood size, individual mass at the time of sampling, and mass at fledging (approximately day 21). Individual mass at the time of sampling depended on the sampling age; thus, unstandardized residuals in linear regression were used to disregard age. Levene's test was used to test heteroscedasticity of CORT and CBG levels, and values were log transformed when P was less than 0.05 (total and free CORT). 
Results
Ontogeny of the Adrenocortical Response
Overall, there were significant effects of age ( , F p 8.09 3, 18 , power p 0.971) and handling time ( , P p 0.001 F p 10.98 1, 20 , power p 0.879) and a marginally significant in-P p 0.004 teraction between age and time ( , , F p 2.82 P p 0.068 3, 18 power p 0.577) on total (bound and unbound) plasma CORT levels (Fig. 2) . Post hoc tests for age comparison show that day 10 nestlings had significantly lower responses than day 16 and day 21 nestlings, while responses of day 5 nestlings were not significantly different from any other age groups ( ). P 1 0.05 Day 16 and day 21 were the only age groups that showed a significant CORT increase during restraint ( ). In ad-P ! 0.05 dition, an average coefficient of variation for baseline and stressinduced total CORT was 50.2%, 25.3%, 66.5%, and 54.6% for day 5, 10, 16, and 21 nestlings, respectively (excluding samples below the detection limit).
For CBGs, the equilibrium saturation binding assay estimated CORT affinity for nestling CBG (K d ) at nM (Fig.  5 .13 ‫ע‬ 0.62 3). This nestling affinity estimate was used to calculate free CORT levels in this study. Overall, there were no significant effects of age or handling time on CBG capacity (age: , F p 1.56 P p 0.085). Similarly, there was no significant interaction between time and age ( , , power p 0.181). F p 0.76 P p 0.529 3, 18 Since we detected no effect of age on CBG during nestling development, the pattern of free (unbound) CORT was parallel to that of total CORT. Overall there were significant effects of age ( , , power p 0.782) and handling time F p 4.34 P p 0.018 3, 18 ( , , power p 0.918), and there was a F p 12.58 P p 0.002 1, 20 marginal interaction between age and time ( , F p 2.57 P p 3, 18 , power p 0.535) on free CORT levels (Fig. 4) . Post hoc 0.086 tests for age comparisons showed that day 10 nestlings had significantly lower responses than day 16 nestlings ( ). P ! 0.05
Correlates of Interindividual Variation in HPA Reactivity
There was large interindividual variation in both baseline and stress-induced CORT (Fig. 5) . In order to quantify the extent of variation explained by clutch versus other factors, we used intraclass correlation coefficients (ICCs). The ICC is a measure of homogeneity of variances within clutches compared with the total. The ICCs for 0-and 30-min total CORT were 0.467 and 0.577, respectively. Positive values indicate that between-clutch variation is larger than within-clutch variation. Values of approximately 0.5 indicate that half of observed variation is explained by between-clutch variation (parents' genetics or degree of parental care), while the other half is explained by other factors.
While neither mass nor brood size correlated with total stress-induced levels, fledging mass (mass at approximately day 21) correlated significantly and negatively with total baseline CORT ( , ; Fig. 6 
Discussion
Ontogeny of the Adrenocortical Response in Zebra Finches
The developmental data in this article indicated no detectable adrenocortical response during the early post-hatch period in zebra finches, at least in individuals up to age 10 d. By day 16 post-hatch, however, nestlings responded to stress with a significant elevation of both total and free CORT; the magnitude of this response is typical of mature, adult birds . Mean CORT levels were lowest at day 10. These results differ from previous studies investigating the existence of SHRP in altricial birds because previous studies observed a gradual increase in the response with age (Sims and Holberton 2000; Blas et al. 2006; Wada et al. 2007 ). Most mammals and precocial birds show a SHRP during development (Freeman and Flack 1980; Freeman 1982; Freeman and Manning 1984; Sapolsky and Meaney 1986; Walker et al. 2001) . Implicit in the name is the indication that hormone levels will go down at some time during development when the animal is hyposensitive to stress. As discussed above, this decline in stress reactivity has not yet been detected in altricial birds. Zebra finches, however, showed a trend of reduced stress reactivity on day 10 of nestling development. Nestlings' responses on day 10 appear to be lower than those on day 5 and are significantly lower than those on days 16 and 21. Unfortunately, we did not have enough statistical power to show this potential decline from days 5 to 10; more studies with larger sample sizes are needed to confirm this trend.
The CBG pattern observed in this study differed from previous studies. An age-specific increase in CBG is seen in numerous mammals and in birds (D'Agostino and Henning 1981; Viau et al. 1996; Wada et al. 2007 ). This change in CBG maintains low free CORT levels because (1) an increase in CBG precedes (Tinnikov 1993) or occurs in the absence of (Heo et al. 2003 ) a rise in total CORT or (2) CBG and CORT secretions rise in parallel (Wada et al. 2007 ). Thus, a change in CBG level is proposed to be one of the protective mechanisms against deleterious effects of CORT during development (Wada et al. 2007 ). In contrast, we did not observe an increase in CBG with age in zebra finch nestlings. Thus, age-specific patterns in total and free CORT levels were nearly identical. This indicates that CBG is not a mechanism to keep free CORT levels low in this species.
Individual Variation in Nestlings' Adrenocortical Responses
Cockrem and Silverin (2002) reported individual variation in adrenocortical response in adult birds; however, very little is known about the presence of such variation in young birds. In our study, individual variation was observed both in baseline and stress-induced total CORT (also see , although the variation in day 10 nestlings was less than half of that in other age groups. This variation in the HPA axis reactivity may be due to genetics, environment, and/or interaction between the two (Ellis et al. 2006) . Unfortunately, the sample size was too small to analyze for sex differences or hatching order. Between-and within-clutch comparisons suggested that clutch variation in genetics and parental care, such as brooding and feeding patterns, only explained approximately half of the variation observed in total CORT. This indicates that other environmental conditions, such as body condition and sibling competition, contribute to approximately half of the variation in nestlings' adrenocortical responses.
Among the environmental conditions, body condition/mass appeared to play a role in shaping individual variation in zebra finch nestlings. While brood size or mass at the time of sampling did not correlate with either the total or the free CORT levels, fledging mass correlated negatively with baseline levels. This is consistent with previous studies where CORT levels are inversely correlated with body condition/mass in birds (Kitaysky et al. 1999a (Kitaysky et al. , 1999b Breuner and Hahn 2003; Love et al. 2005; ; but see also Walker et al. 2005a) . In adults and some nestlings, increased CORT in smaller, poorcondition birds may increase foraging activity and food intake, which may then lead to a better body condition. At the same time, even moderate levels of CORT treatment are known to retard growth in passerine and amphibian species (Glennemeier and Denver 2002; . If CORT retards growth or alters food intake in this species, interindividual variation in CORT and body condition/mass could have longlasting consequences. Further studies are needed to explore the consequences and adaptive significance of this individual variation.
